The interactions between thirteen Li atoms and graphyne (GY) and boron nitride (BN-yne) were investigated by the density functional theory (DFT). The electronic and structural properties of the interactions between the hollow sites of GY and BN-yne with Li atoms were unveiled within the quantum theory of atoms in molecules (QTAIM) framework. Theoretical understanding of the interactions between Li atoms and extended carbon-based network structures is crucial for the development of new materials. Herein, calculations to explore the impact of Li decoration on the GY and BN-yne are reported. It was predicted that Li decoration would increase the density of state of these sheets. Owing to strong interactions between Li and the GY and BNyne, dramatic changes in the electronic properties of the sheets together with large band gap variations have been observed. The present study sheds deep insight into the chemical properties of the novel carbon-based two-dimensional (2D) structures beyond the graphene sheet.
INTRODUCTION
Carbon, the element responsible for life on earth, has many unique properties brought about by its ability to form diverse sp, sp 2 , and sp 3 bondings. In organic systems, carbon atoms form a variety of structures ranging from linear chain to square, pentagonal, and hexagonal rings. In molecules, such as coronene, five hexagonal rings of carbon (C) surround a pentagonal ring, resulting in a buckled structure. However, in condensed matter systems for a long time only two allotropes of carbon were known. In recent years, two-dimensional structures of carbon allotropes have become one of the most promising new materials for 290 DEHESTANI, ZEIDABADINEJAD and POURESTARABADI nanotechnology. Carbon-based materials, such as carbon nanotubes, graphene, and other graphitic carbon nanomaterials, have attracted particular attention because of their low cost, high electronic conductivity, and electrocatalytic activity. [1] [2] [3] Depending on their size and shape, these materials could be semiconducting or conducting, making them potentially useful for a wide range of applications. Much less effort has been devoted to the synthesis and characterization of sp-hybridized allotropes, such as quasi-one-dimensional (1D) poly-ynes [4] [5] [6] and two-dimensional (2D) graphynes and graphdynes. 7, 8 Yet, many theoretical reports suggest that alkyne-based 2D materials could exhibit similar, or even better, charge mobility than the other allotropes. Beyond graphene, GY is another unnatural allotrope of carbon composed of sp and sp 2 mixed C atoms the atomic structure was which was first suggested by Baughman et al. 9 It is obtained by replacing one third of the carbon-carbon bonds in graphene with triple-bonded carbon linkages. 9 There are several studies on different properties of GY and its related structures in the literature. [10] [11] [12] [13] [14] [15] Most of these works have mainly focused on the electronic structure of GY and its substructures. Based on the density functional theory (DFT) together with the Boltzmann transport Equation, Long et al. 12 revealed that graphdyne is a semiconductor with a band gap of 0.46 eV. Zhou et al. 13 investigated the nature of the bonding and energy band structure of GY and its BN analog, named ''BN-yne'' using the DFT within the generalized gradient approximation. Zhang et al. 14 studied the energetics and dynamics of Li in GY. They found that the high Li mobility and high storage capacity could make GY a promising candidate for the anode material in Li-ion battery applications.
In this paper, a theoretical study of the interaction between Li on GY and BN rings BN-yne is presented. These intermolecular interactions, to the best of our knowledge, have not been studied and presented in previous theoretical calculations. The stability and electronic properties of the resulting complexes were unveiled by means of various quantum chemical approaches. This should help to understand more thoroughly the origin of the intermolecular interactions on GY and BN-yne systems. Analyzing the nature of the interaction between Li and the GY and BN-yne systems provides a good basis for the development and support of a chemical model. Accordingly, in the present work, the nature and properties of the interactions between Li and the GY and BN-yne systems were deciphered in energetic, topological, MEP, and charge transfer analyses.
The main objective of this theoretical work concerned the achievement of valuable information on the stability of the GY and BN-yne systems and on the strength of the interactions of Li on the GY and BN-yne systems, which would be of importance for the mentioned applications.
LITHIUM DETECTION BY GRAPHYNE AND BORON NITRIDE 291 METHODOLOGY GY and BN-yne sheets consisting of 84 atoms were considered and end of their atoms were saturated with hydrogen atoms to reduce boundary effects. The optimization of GY, BN--yne, GY-Li and BN-yne-Li complexes, without any symmetry constraints, was realized at the B3LYP/6-31g(d) level of theory by means of the Gaussian 09 suite of programs. 16 The adsorption energies (E ad ) of Li atoms on GY and BN-yne were obtained using the following equation:
where E (GY or BN-yne/Li) is the energy of the GY or BN-yne complexes and E(Li) is the energy of an isolated Li atom and n is number of Li atoms. E(GY or BN-yne) is the optimized energy of GY or BN-yne, respectively. The negative value of E ad indicates the exothermic nature of the adsorption. Topological analysis of the electron density of the DFT-optimized structures of the complexes between Li on GY and BN-yne was performed via the quantum theory of atoms in molecules (QTAIM). 17 The QTAIM analyses were concentrated on the B3LYP/6-31g (d) calculated wave function of the electron density obtained for the optimized structures. The resulting formatted wave function files were used as inputs to the AIM2000 program 18 for calculating topological properties of electron density and Laplacian. Considering the local virial theorem, the following characteristics of the bond critical point (BCP) were taken into account: electron density (ρ c ), its Laplacian c 2 ( ) ρ ∇ , the electronic kinetic energy density (G c ), the electronic potential energy density (V c ), and the total electronic energy density (H c ) at BCPs. These properties were chosen as the most useful indicators for quantitative representation of intra-atomic interactions in the coordination of complexes. A theoretical understanding of the reactivates (such as nucleophilicities and electrophilicities) of molecules was based on the frontier molecular orbitals (FMO) theory, developed by Fukui and co -workers. 19, 20 An important aspect of this theory is the focus on the interactions of the lowest unoccupied and the highest occupied molecular orbitals (LUMO and HOMO). According to the FMO theory, a high value of the HOMO energy indicate a probable tendency of the molecule to give electrons to an appropriate acceptor molecule (an electrophilic species) and the LUMO energy indicates the ability of the molecule to accept electrons from a donor molecule (a nucleophilic species).
RESULTS AND DISCUSSION

Structure and stability of compound
The atomic structures of GY and BN-yne decorated with Li atoms are shown in Fig. 1 . There are several attachment sites for Li atoms on GY and BN-yne, i.e., on top of the C atoms and in the hollow sites of sp-and sp 2 -bonded hexagons and sp-bonded triangles. According to the results obtained by Zhang and coworker, 14 hollow sites are more stable than top sites. In the present work, the interaction of Li atoms on the hollow sites in GY and BN-yne were compared. The bond lengths in the structures of GY and BN-yne decorated with Li atoms are given in Table I . In the optimized configuration of GY, the bond lengths between two sp 2 -hybridized carbon atoms (L1 and L5) are 1.40 and 1.41 Å, respectively, suggesting that the p-conjugate feature of GY is kept in the hexagons. The short distance between the sp-hybridized carbon atoms (L3 and L4) are 1.22 and 1.40 Å) in the chain indicates that a C≡C triple bond is formed between them. In the optimized BN-yne structure, the bonds between N and B (L1, L2, L6 and L7) with bond lengths 1.43, 1.4343, 1.47 and 1.47 Å, respectively, are sp 2 --hybridized. The short distances between the sp-hybridized carbon atoms (L3 and L4) in the chain, 1.34 and 1.22 Å, respectively, indicate that N≡C and C≡C triple bonds are formed between them. 
Li adsorption on GY and BN-yne
The Li atoms were placed perpendicular to the GY and BN-yne surfaces above the center of the hollow sites. To investigate the changes in the electronic charge density considering GY and BN-yne caused by the physi-or chemi-sorp-tion of Li atoms, the charge transfer (QT) from the GY and BN-yne sheets to the Li atoms was calculated based on natural bond orbital (NBO) population schemes. 21 The QT, defined as the charge variation caused by Li adsorption, is a useful measure of the importance of the intermolecular orbital interaction between the sheets and Li atoms. As listed in Table II , the high charge transfer values from the corresponding sheets to Li atoms are an indicator of the acceptor character of the Li atoms. Table II shows that the direction of the charge transfer is determined by the relative position of the HOMO and LUMO of the adsorbate (Li atoms) with respect to the Fermi level in pure GY and BN-yne. If the LUMO of the adsorbate lies at a lower energy than the Fermi level of the sheets, electrons will flow from the sheets to the adsorbate, making the sheets p-type semiconductors. Adsorbates with the HOMO lying above the Fermi level of sheets act as donors and the sheets exhibits n-type semiconducting behavior. More detailed information about the simulation of the different Li-GY and Li-BN-yne systems; including values of E ad , the energy of the highest occupied molecular orbital energy (E HOMO ), the lowest occupied molecular orbital energy (E LUMO ), the energy gap (E g ), the Fermi energy (E F ) and the QT for these configurations are listed in Table II . The negative QT and E ad of Li on the sheets reveal the physical nature of the interaction. As a result, the transferred charge (0.4555) from GY to Li is remarkably more than that from BN-yne (0.4506). These data indicate that the Li atoms undergo physical adsorption on the sheets, thus, suggesting that GY and BN-yne may be suitable for detecting the presence of Li. The calculated density of states (DOS) plots (Fig. 2) show that the Li adsorption senses the electronic properties of the GY and BN-yne and hence, the E g of the sheets was reduced -12.87 and 294 DEHESTANI, ZEIDABADINEJAD and POURESTARABADI -21.34 eV, respectively, on addition of thirteen Li atoms to the hollow sites. However, the stability of these configurations could be explained by noting the fact that Li atoms have low electronegativity and a positive charge, and thus, a suitable p-cation interaction is formed between the Li atoms and the π electrons of the hollow sites. The local DOS plots confirm that when Li atoms are lying on GY and BN-yne, the Fermi levels of GY and BN-yne move to LUMO levels. where is the electric conductivity and k is the Boltzmann constant. 22 According to Eq. (2), smaller values of E g at a given temperature lead to larger electric conductivity. Therefore, the predicted substantial decrement of E g in Li-decorated GY and BN-yne upon Li adsorption induces a change in the electrical conductivity of these sheets. According to the obtained results, it could be seen that decorating these sheets with Li atoms alters their electronic and transport properties.
QTAIM analysis
QTAIM analysis can be used to connect the changes in charge of atoms in the molecules. Since the QTAIM method provides a major amount of information about the nature of bonding, the topological properties of the electron density, the Laplacian of the electron density, the total electronic energy density, the electronic kinetic energy density and the delocalization index, δ(A, B) were explored at various bond critical points (BCPs) to characterize the presence of possible open-shell and closed-shell interactions in the coordination sphere. The delocalization index provides a measure of the number of electrons shared or exchanged between two atoms connected by a bond path and could be interpreted as the bond order when charge-transfer between atoms A and B is not significant. QTAIM analysis was employed to elucidate the interactions between the Li atoms and GY and BN-yne. Based on the systematic analysis of the Li-bond strength (Δ com ) was suggested using the properties of the proton-donating bond. This is based on the geometrical and topological parameters of the Li bonds with A (A: C, N, H or B): 17
where r Li 
where A and B are constants that depend on the nature of the bonded atoms. Furthermore, δ(A,B) was calculated between bonded atoms and the bond order between them could be obtained if the electron pairs were equally shared. As ρ and the BO are strongly correlated (Eq. (4)), it was suggested calibrating this correlation using the delocalization index rather than arbitrarily assigned bond orders:
However, the relation between ρ and BO (Eq. (4)) could used to estimate the results of this work. As observed in Tables III and IV, investigated critical points are (3,-1) and (3,+1). The (3,-1) point is a maximum ρ in the plane defined by the corresponding eigenvectors, but a minimum ρ along the third axis that is perpendicular to this plane while the (3, +1) point is a minimum ρ in the plane defined by the corresponding eigenvectors and a maximum along the third axis that is perpendicular to this plane. There are two other critical points, (3,-3) and (3,+3) where ρ is a local maximum and a local minimum, respectively. Each type of critical point described above is identified by an element of chemical structure: (3,-3 ) is a nuclear critical point (NCP), (3,-1) is a bond critical point (BCP), (3,+1) is a ring critical point (RCP) and (3,+3) is a cage critical point (CCP). The number and type of critical points that can co-exist in a molecule or crystal follow a strict topological relationship:
where n denotes the number of the subscripted type of CP. The first equality is known as the Poincaré-Hopf relationship and applies to isolated finite systems, such as a sheet while the second equality is known as the Morse Equation and 298 DEHESTANI, ZEIDABADINEJAD and POURESTARABADI applies in cases of infinite periodic lattices. The set (n NCP , n BCP , n RCP , n CCP ) for a given system is known as the ''characteristic set''. The linking of the Li to GY and BN-yne atoms results in the formation of three-membered rings and a ring CP in the face of each ring, where the density attains its minimum value in the ring surface (Figs. 3 and 4) . There is also a ring CP in the center of a ring, and this ring surface, together with the four surfaces formed by the links to the Li atom, define a cage enclosing a (3, +3) or cage CP. The results obtained in the topological analysis of electron density are summarized in Tables III and IV 
Molecular electrostatic potential (MEP)
The electron density is considered a very important factor in the understanding of the reactivity of electrophilic and nucleophilic sites and the interactions of hydrogen bonding. 23 Thus, to predict this reactivity of attacks on the nucleophilic and electrophilic sites for the two compounds, the MEP of these compounds was simulated using the B3LYP level of the optimized geometry. The different colors red, blue and green represent the different regions at the MEP surface, i.e., the most negative, the most positive, and zero electrostatic potential, respectively. The negative electrostatic potential at the MEP (shade of red) indicates that this is a region where a proton is attracted by the aggregate electron density in the molecule, while the positive electrostatic potential (shade of blue) is the region that is responsible for repulsion of a proton by the atomic nuclei. The negative region at MEP (red) corresponds to electrophilic reactivity (region of most electronegative 300 DEHESTANI, ZEIDABADINEJAD and POURESTARABADI electrostatic potential) and the positive region (blue) corresponds to nucleophilic reactivity (region of the most positive electrostatic potential) and green represents region of zero potential. In Fig. 5 , it should be emphasized that the maximum negative region having a positive potential is localized over the hollow sites. The contour map provides a simple way to predict how different geometries could interact. The contour maps of MEP are in good agreement with the other obtained results. 
CONCLUSIONS
The geometric structures and electronic properties of GY and BN-yne decorated with Li atoms were explored using DFT calculations. It was found that Li atoms could interact with these sheets. Indeed, the relationship between the interaction strength and the stability of the involved Li bonds was explored. A topological study of the electron density and its Laplacian at BCPs clearly demonstrated that the bond strength was in direct relationship with order bond. It is important to mention that this trend was also decorated via QTAIM charge analysis. In order to gain a more accurate insight into the nature of bonding interactions between Li and GY and BN-yne, recent QTAIM indicators were applied as quantitative evidence.
